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ABSTRACT
Accuracy and repeatability in measurement is a primary concern in
improving and maintaining the quality of a product in an industry. In the case of
coordinate measuring machines, these factors are affected due to the ambient
conditions. Specifically, change in temperature affects machine geometry and
causes positioning errors. As a result, temperature and humidity control inside the
housing has become an important and integrated concern of measuring machine.
This research concentrates on the modeling, design, control and validation of an
air shower to meet a 20 ± 0.1 ºC specification.
The air shower researched here was initially analyzed manually by
comparing it with previous models thereby determining problems with air intake
duct, drip pan, temperature and humidity sensor, and the radiators. To address
these areas the existing setup was modified by (1) changing the volumetric flow
rate of air into the air shower, (2) changing the location of the temperature and
humidity sensor, and (3) constraining the flow of air only through the
dehumidifier radiator. The cooling radiator which was the primary source of
thermal load owing to its size was tested statically to facilitate its redesign using
the values of the input and output temperatures, of cooling water and air thereby
estimating the new length of the radiator to be approximately 3.5m as compared
to the current length of 60m.
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In addition to these changes, a new controller was developed in LabVIEW.
The closed-loop temperature shows a decrease in the frequency of temperature
ripple from approximately 12 to 4 minutes and a decrease in the amplitude from
approximately 0.03ºC to 0.013ºC. In addition, a square wave test, sine wave test
and chirp test incorporated in the LabVIEW program indicated three results: (1)
the thermal response of the air shower is first order, (2) the gain and phase
increases with increasing time, but the delay of the fitted curve does not show any
pattern and, (3) the optimum performance of the control of temperature in the air
shower is achieved when the proportional valve controlling the flow of cooling
water through the radiator is dithered in a sinusoidal pattern. The design
modifications enhance the ability to control the temperature inside the air shower,
reducing the errors caused by thermal variations.
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-
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m 1

-
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-
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ºC
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-
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CHAPTER I
INTRODUCTION
Temperature control is of paramount importance for coordinate measuring
machines widely used in industry and research laboratories to avoid the
dimensional variations that contribute significantly to the errors in measurements.
This control is usually achieved through an air shower; an enclosure blowing air
at a uniform rate over the machine it houses, to maintain the temperature inside at
a constant value. This issue is important because thermal errors, the most
significant class of errors, are difficult to model, predict and analyze.
Studies have been performed on the effect of temperature control on
measuring machines and workpieces. For example, a temperature difference of
0.5ºC through the granite slab results in a buckling deflection in the order of
10μm at the granite table center [1]. A change of approximately 30% is observed
in the size of a twin-camera 3D measuring system for a temperature range of 9 ºC
(16.5 ºC – 25.5 ºC) [2]. The measuring machine in the air shower made of steel,
with a length of 3m expands by 3.9μm (thermal co-efficient of expansion of steel
is 13 μm/m.K) for a temperature difference of 0.1°C. A better control of
temperature decreases the errors caused due to expansion thereby improving the
ability of measurement. A number of difficulties need to be overcome in order to
redesign the air shower. This chapter outlines the contributions of this thesis
towards the development of a prospective design of the air shower.
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Thesis Contribution
This thesis presents the problems involved in controlling the temperature
of the air shower, redesigning certain components, and implementing a LabVIEW
controller for observing the temperature data visually and conducting test. The
problems like size of the air intake duct, size of the cooling radiator, positioning
of the temperature and humidity sensor, and the inclination of drip pan are
identified by a comparison with the previous models. The variation of the
volumetric flow rate of air is studied by varying the diameter of the air intake
duct. Static analysis is performed on the radiator using the values of the input and
output temperatures of air and water. The protective paper shield is removed and
the temperature and humidity sensor is placed in the position where there is an
uninterrupted uniform flow of air. On observing the data from the on board
computer screen, it is seen that the temperature ripple has decreased.
There is a significant amount of information missing from the system
owing to the inability to change parameters in the controller for testing purposes.
This thesis presents a controller developed in LabVIEW for controlling the
temperature and observing it, and conducting the tests such as square wave test,
sine wave test and chirp test. These operations are experimentally demonstrated
using a National Instruments data acquisition card interfaced with LabVIEW. One
of the most important parameters in conducting tests on the air shower is the
ability to adjust the heat and cool gains of the control loop which is made easily
feasible with the help of the new controller. Simulation results are presented for
the different tests and time periods. Experimental verification of the order of
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thermal response of the air shower system is also performed using the square
wave test. The variation of the gain and phase with the time period is verified in
the of the sine wave test.
Thesis Organization
Chapter 2 presents the effects of the ambient conditions such as
temperature and humidity on measurements, developments that have taken place
in the field and the importance of temperature control. A detailed overview of the
experimental setup, errors associated with the components and the corresponding
actions taken to correct them are discussed in Chapter 3. The experiments
performed on the air shower and the corresponding results are presented in
Chapter 4 and finally Chapter 5 completes the thesis with conclusions and
recommendations for future work. Appendix A discusses the materials used in
manufacturing the components of the measuring machines and the values of the
coefficients of linear thermal expansion. Appendix B presents the different
measuring methods of humidity, and the relation between relative humidity and
temperature.

3
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CHAPTER II
LITERATURE REVIEW
Introduction
During a measuring process, both the workpiece and the components of
the measuring machine are affected by thermal errors caused due to the variation
in temperature. In order to study, analyze and understand the factors contributing
to thermal errors and the corresponding action taken to correct it, the literature
review is categorized as follows: (1) effect of humidity on measurement (2)
temperature compensation (3) thermal effects on measuring machines and (4)
importance of temperature control.
Effect of Humidity on Measurement
As proved in Appendix B, a decrease in the relative humidity causes an
increase in temperature and hence, the change in temperature affects
measurement. For e.g.:- For a change in the relative humidity of the atmospheric
air, the refractive index of the hygroscopic aerosols changes. Due to this, changes
in the specific density, size and mass fraction are observed and have been
measured very accurately as functions of relative humidity [3-5]. One of the
important optical properties of aerosol is the absorption coefficient. It determines
the single scattering albedo (a fraction of the incident electromagnetic radiation
reflected by the surface) with the help of the scattering coefficient. The single
scattering albedo is the key parameter in governing the aerosol radiative forcing.
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Filter based instruments such as the aethalometer or the particle soot absorption
photometer (PSAP) are used to measure the aerosol light absorption in the
presence of ambient air. The absorption is derived from the change in light
attenuation through a filter on which the aerosol particles have been deposited.
Due to the change in temperature and humidity of the air, the measured aerosol
properties differ from the ambient ones. Fig 2.1 shows the effect of the change in
relative humidity on the absorption coefficient. A sudden change in the relative
humidity causes a sudden change in the absorption coefficient. The increase in the
amount of water causes the swelling of filter fibers and does not depend on the
amount of soot loaded on the filter [6, 7].

Fig 2.1: Variation of relative humidity and absorption coefficient as a
function of time [7]
Another example for the effect of humidity on the accuracy of
measurement is the test that is conducted on the electret radon dosimeters with
6

varying levels of humidity. Measurements are taken for constant values of radon
concentration. The measured values have been found to increase linearly with
increasing values of humidity from 30% RH to 85% RH due to the continuous
and significant decrease of electrostatic potential of the E-PERM electret (Rad
Elec Inc., Richmond, VA) [8].
Temperature Compensation
Temperature compensation is the method of correction during the process
of measurement or machining so that the finished object is measured or
manufactured according to the requirements, respectively. It helps in improving
the working accuracy and repeatability of a machine tool or a measuring machine
by compensating for either of the following: thermal expansion of the cutting tool,
measuring probe, workpiece or the machine in general.
The thermal expansion of the tool of an NC lathe can be calculated by a
program in which the cutting condition and cutting time are a function of the heat
generation, which helps in the compensation process and thereby improves the
machining accuracy [9]. In machine tools, the thermal errors are from six sources:
(1) changes in the room temperature (2) cooling system (3) lose of energy in the
mechanical system (4) heat from the cutting process (5) thermal memory effect
and (6) machine tool operation [10, 11].
One of the methods for compensation of turning centers is to use an open
loop controller. In this case, compensation signals are added to the driving signals
of the servo motor and thus, it is not appropriate [12]. Hence, quicker
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measurements of the values of temperatures and on-line real-time compensation
help in deriving an optimal model for spindle thermal errors which is obtained
from the spindle thermal error-temperature model. This is done by combining
linear and non-linear regression models, and differentiating the trends of thermal
error and temperature rise in the cases of light cutting and heavy cutting. This
model helps on-line compensation and also improves the quality of the product by
accurate modeling, fast real-time compensation and finish machining [13].
Another possible method for reducing errors is through off-line
compensation. This is done by entering the values of potential errors into the CNC
controller before machining. The unpredictable errors and difficulties in
measuring techniques such as parallax, triangulation and disparity should not be
ignored [11, 14, 15]. The axes deformations due to dynamic temperature changes
in machine tools correspond to thermal expansions and are synthesized as a
predictable thermal error model which is used to reset the cutting tool position
[15-17]. The off-line compensation method has improved part accuracy based on
static thermal compensation model. It is still an important concept for thermal
error elimination and the accuracy seems to improve by 25% [16, 18].
The errors in machine tools due to built-in volumetric errors of the
machine structure and the thermal displacement of the machine tool during
cutting, are compensated with a new technique. An IC type thermometer is
designed to detect the variation of temperature of specific components of the
machine tool. A mathematical model is derived based on these variations. Finally,
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the errors on the machine due to variations in temperature are reduced to within
4μm for general cutting, by sending a feedback signal to the CNC controller [19].
In addition to thermal and geometric factors contributing to the errors in
machine tools, another factor that is of significance is the cutting force, and the
corresponding errors induced due to it [20]. Previously, cutting forces were
neglected as they were too small and incalculable. But with the advent of
operations like hard turning, cutting forces are no longer small and repeatable.
Thus, in order to compensate for the real-time thermal, geometric and cutting
force errors on a turning center, all the possible errors are identified and
calculated. Liang et al. [21], implemented an error compensation control and
proposed that 10 cutting force components can be compensated. On performing
performance evaluations using actual cutting tests, the diameter accuracy and
taper accuracy improved more than five times.
For a CMM, the different methods for thermal compensation are; utilizing
uniform materials for all CMM components, installing insulating pads and
reflective foil to protect against the change of temperature, rigid clamping of the
CMM scales, using a thermal insulating enclosure, taking measures to ensure an
active heat flow control to establish uniform temperature throughout the machine
and logging temperature data in a memory table in the software so that the output
readings incorporate the thermal error compensation. This improves the
measurement precision to a certain degree [22].
Another novel method of temperature compensation in CMMs is by using
differential measurements of two length standards with significantly different
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coefficients of thermal expansion thereby avoiding the typical method in which
the temperature compensation system is fully integrated into the operation of the
measuring machine. This method avoids high accuracy measurements. The
calibration of the temperature compensation system is done via length
measurements and thus, the traceability for temperature comes from the
traceability in the length standards used. Hence, there is an uncertainty associated
with using the system for subsequent measurements as the resulting calibration
replicates the manner of actual usage of temperature compensation system [23].
Thermal Effects on Measuring Machines
The thermal stresses due to internal and external heat sources have been a
major source and origin of errors for many years in the machine tools as well as
measuring machines [11, 24, 25]. The different internal heat sources specific to
machine tools include, shearing chip formation and cutting friction. The errors
that are common to both machine tools and measuring machines are caused due to
controller electronics, machine electronics integrated into the system, bearing
friction, motor drives and accessories like rotary tables and bearings. These
factors cause the expansion of workpieces, columns, spindles and friction in
slideways and bearings [26]. The external heat sources contributing to errors in a
measuring machine are the temperature gradients in the room due to radiation
from walls and ceilings, and the presence of a person inside the measurement
volume [27]. The different heat sources specific to a CMM are: (1) controller
electronics, (2) machine electronics integrated into the system and (3) motor
drives. The usage of air bearings causes heating or cooling due to the localization
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of air-flow concentration and the conditions of air. The inappropriate placement
of the system console electronics placed close to working area and scale reader
systems causes imbalance of the local thermal equilibrium. Temperature gradients
are introduced in the transient stage when switching between the on and off state
of the room lighting takes place.
The different methods to identify and predict the thermal effects causing
distortion are: measurement of errors while the machine is being operated [28],
finite element analysis of the components of the machine frame [29] and
application of parametric error correction for kinematic modeling [30]. The
coordinate measuring machines are structurally similar to machine tools as both
are constructed massively to minimize distortions [31, 32]. The number of
thermal sources causing disturbance is more in the machine tool than in the CMM
but the accuracy requirements is more necessary in CMM. This is due to the fact
that the components of the CMM change in size as a result of variations in
temperature thereby affecting the measurements. CMMs are generally constructed
with different materials like granite, steel and aluminum which have different
coefficients of linear thermal expansion. This results in different rates of
expansion of the components in CMM due to different heat transfer rates [33, 34].
According to Weber [35], the change in temperature gradient has a
significant effect on pitch angle or the machine carriage variation in a bridge type
CMM’s granite slideway. The paper also predicts the arching of a typical column
or beam of a portal CMM under the temperature gradient. The application of
finite element technique for thermal strain analysis of a commercial CMM (the
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Leitz SIRIO 668) is studied by Jacksch et al. [36]. The effect of steady state
temperature gradients on coordinate error components is analyzed by Trapet et al.
[37]. Further studies [38-40] were reported in the kinematic and thermal error
correction of CMMs using the application of self-calibration techniques with
multipoint artifacts and optimal algorithm theory. In certain situations, thermal
gradients affect the squareness of the machine axes [41]. In a high precision
CMM, a significant measurement error is produced in the vertical Y-Z plane due
to vertical temperature difference across the probe carriage slideway beam, which
was simulated by an adjustable thermostat that allowed different heat settings to
provide an outlet air temperature between 22ºC and 40ºC. Whereas, not many
significant errors are caused due to a horizontal temperature difference which was
simulated by heating the right hand steel supporting column. This study was
further corroborated with the finite element analysis verification. These results
help in the application of real-time error correction and thermal compensation
through the modulation of the parametric variation of angular deviation errors
[42]. Thus, control of temperature is a necessary requirement for accurate and
repeatable measurements.
Importance of Temperature Control
The thermal behavior of the coordinate measuring machine (CMM) is of
greater attention nowadays due to industrial quality demands. The variation in
temperature during measurement leads to significant measuring errors. The
different types of errors that occur and their corresponding solutions are
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experimentally verified. The experiments were performed on a bridge-type CMM
with a work volume of 1.6 x 1 x 0.8m3.

Fig 2.2: Variation of relative probe position with machine coordinate system [43]
Fig 2.2 shows the variation of the relative probe position (RPP) with
machine coordinate system (MCS). RPP is defined as the position of probe-tip
relative to the devices that read-out the scales, projected on the axis of read-out
unit under consideration [43]. RPP is a measure of the thermal error at a point in
the measurement volume and depends on the temperature distribution and hence,
the variation in the CMM. If the value of RPP is not constant throughout the
measurement volume due to vertical temperature gradient, the error in
measurement of the origin is not same as the error in measurement of the point on
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the object being measured and thus, introduces an error in the relative
measurement. From Fig 2.1, it is seen that the Z-axis is no longer perpendicular to
the worktable of the CMM and thus, the measurement of the left point (origin)
leads to a bigger thermal error than the measurement of the right point (point a).
This type of thermal error is corrected if the machine is equipped with sufficient
thermal compensation [40, 43-45]. Thermal distortions can be reduced by
changing the design of the machine. One of the methods is to use materials that
are light in weight and have a high thermal conductivity, e.g., aluminum within
the CARAT technology. CARAT (Coated Aging Resistant Alloy Technology)
surface treatment technology results in no temperature gradient between the
external and internal surfaces of the guides and no distortion due to temperature
changes. This type of aluminum prevents the occurrence of a varying RPP due to
the bending of machine elements [40].
The change in ambient temperature leads to a change in the dimensions of
the measuring machine as well as the workpiece. The resulting error at steady
state is due to the nominal differential expansion between the workpiece and
scale. The thermal error relative to the measuring temperature of 20°C, which is
the universally accepted international standard for measurement [46], is
determined from the Equation (2.11).

ε = α w.L.ΔTw − α s.L.ΔTs
where

ε

is the thermal error (m)
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(2.11)

αw

is the coefficient of thermal expansion of the workpiece (12
μm/m°C for steel)

L

is the length of the object (m)

ΔTw

is the difference between the ambient temperature and the standard
temperature (ºC)

αs

is the coefficient of thermal expansion of the scale (23 μm/m°C for
aluminum)

ΔTs

is the difference between the ambient temperature and the standard
temperature (ºC)

A steel bar of length 1m is measured with an aluminum scale at a
temperature of 23°C and the thermal error is measured as -33μm and hence, the
steel bar is measured 33μm short. This type of error is prevented by cooling the
workpiece to the temperature level of the CMM, thereby reducing the temperature
differences between the part measurement stage and part production stage [11].
Thermal deformations and probe position are dynamic in nature. There is a
continuous change in the coordinates of a point in the measurement volume due to
the change in RPP during transient phase. This change in temperature is related to
thermal inertia (it is a measure of the rate at which surface materials change
temperature and can be related to cohesion and particle size such that small
particles or loosely bound, fine-grained materials have lower thermal inertia than
large particles and cemented, fine-grained materials) and the resulting error in
measurement is due to the variation in temperature. If the temperature gradient is
low, then the difference in error made while measuring the origin and the error
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made while measuring the points on the object is significantly small. But if the
gradient is big, the corresponding error is also big. The error in measurement also
correlates to the measuring time. The value of the error increases as the time taken
to measure the object increases.

Fig 2.3: Relation between the allowable measurement time
and temperature variation [43]
Fig 2.3 shows the effect of temperature gradient in time (ΔT/Δt) on the
time taken for measurement. The measurements are taken under the hyperbolic
curve for the values of C, which is a measure of thermal inertia of the object and
the accuracy requirements. A lower value of C corresponds to high accuracy
requirements or high thermal inertia. Thus, a large (ΔT/Δt) can be tolerated only
within a short measurement time.
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With the advent of different alloys of steel, the exact value of the
coefficient of thermal expansion is not available and often the literature based
values have an uncertainty of approximately 10%. A laser interferometer is used
for experimentally determining the coefficients of thermal expansion of the
machine scales for thermal correction [47]. Thus, by applying the idea of
measuring the steel piece with a steel scale to cancel the differential expansion of
workpiece and scale does not apply [11].

Fig 2.4: Differential expansion of workpiece and scale [43]
From Fig 2.4, it is explicitly seen that the scale has a higher time constant than the
measured object. This difference leads to a different rate of expansion during the
transient phase and hence, larger measurement errors occur which are determined
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from the thermal inertia of the workpiece and scale. Thus, a lower value of
(ΔT/Δt) reduces the transient error [11].
Whenever the measurement process takes a longer time, the differential
expansion errors and the varying RPP errors occur simultaneously. If it is possible
to predict the thermal deformation of the machine and workpiece, the value of the
total measurement error due to temperature variations can be determined. But the
distribution of temperature on the workpiece is uncertain and this results in larger
errors. In order to predict the CMM’s thermal behavior, the following two
methods are used [46]. For indirect thermal correction [48] of the transient
temperatures, free thermal deformation is allowed, i.e., no machine element must
restrict the expansion or the contraction of the other. A thermally stable point is
defined as a point that is fixed relative to another machine element [43]. In the
thermal loop (a constantly moving loop of air, where warm air rises at one end of
the loop and the cold air descends at the other end), it is necessary that the
thermally stable point is fixed and is relative to the next machine element. The coordinates of a thermally stable fixed point per mount are known at any time
relative to the machine if a single point is used. Thus, during temperature changes
the predictability can be calculated and hence the compensation for errors in
measurement can be done.
The direct thermal correction method for the transient temperature for
batch measurement process and complicated workpieces is by a regular update
(once every second) of the local coordinate system (LCS) [48]. Thus, there is a
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little effect on shifting the LCS due to deformation of the workpiece when the
origin of LCS is defined close to the thermally stable point.
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CHAPTER III
EXPERIMENTAL APPARATUS
Introduction
This thesis addresses the problem of temperature ripple (regular rise and
fall of temperature inside the air shower as shown in Fig 3.5). This chapter
describes the experimental setup, the problems associated with it and the
corresponding changes made to the design in order to rectify the temperature
ripple. It is divided into six sections. The first section describes the need of an air
shower. The various components and the operation of the air shower are
explained in the second and third section. The next section explains the errors
sources. Design modifications made on the air shower are explained in the fifth
section. The last section discusses the various parts of the controller designed in
LabVIEW.
Need for the Air Shower
Air shower is a closed enclosure in which air flows through small
adjustable nozzles towards personnel to remove the surface particles and the
firmly attached contaminants off the clothing and cleanroom garments so that the
personnel can enter or leave the cleanroom which is maintained virtually free of
contaminants like dust or bacteria. Air showers are typically used where highly
precise parts are being manufactured or in research laboratories and thus, find
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industrial applications in powdered chemicals, pharmaceuticals and heavy metal
fabricators and also in the scientific research centers.
By exploiting the fact that the air shower provides a clean and
uncontaminated environment on the inside, a similar system was designed for
maintaining the temperature and the humidity as well. The internationally
accepted temperature standard for measurement is 20°C (68°F) for the uniformity
in the measurements taken across the globe [46]. Thus, this kind of an air shower
finds its application in industries where accurate measurements with good
reliability need to be taken. These precise measurements are taken with coordinate
measuring machines.
These air showers house the measuring machines and address the
following purposes:
1)

Ensure that the temperature and humidity of the air inside is
controlled for stable measurements.

2)

Maintain the temperature at the internationally accepted temperature
standard, which is 20°C (68°F) with a tolerance of ±0.1°C (0.18°F)

3)

Maintain the cleanliness of the machine as well as the environment
inside the air shower.

4)

Ensure the safety of the operator as the operator does not go inside
the air shower during the measurement process thereby maintaining
the measurement integrity by limiting the operator’s influence.
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Components of the Air Shower
The Fig 3.1 shows a rough sketch of the three dimensional view of air
shower with the enclosure open on the top. The figure is not to scale.

Cooling
Radiator

Dehumidifier
Radiator

Air Intake
Duct

Entrance of
Air shower

Human-Machine
Interface

Fig 3.1: Pictorial view of air shower with open top (not to scale)
Air Intake Duct
A single air intake duct is located on the side of the enclosure at the top of
the air shower. It has a filter that prevents the entry of dust and particulate matter
in the atmospheric air. The diameter of the duct is 381 mm (15”) and is left open
to atmospheric conditions.
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Radiator
There are two radiators present in the air shower, one for dehumidification
and the other for cooling the air. The Proportional – Integral – Derivative (PID)
control loops governing the dehumidifier loop and cooling loop have the humidity
sensor and temperature sensor, respectively. The main reason for the two radiators
is to reduce the temperature and humidity of the air which are at 24°C (75.2°F)
and 80% RH to the setpoint temperature 20ºC and relative humidity 50% RH. The
sizes of the tubes of both the radiators are 12.7mm (0.5”) and the lengths of the
cooling radiator and dehumidifier radiator are approximately 60m (197 ft) and 3m
(9.84 ft), respectively. The cooling radiator is larger than the dehumidifier radiator
by a factor of 20. The temperature and humidity values of the conditioned air are
measured after it passes through both the radiators. The radiators are of single
circular tubing unfinned cross flow type. The cold water running through the shop
floor circulates through the radiators.
Heater
The purpose of the heater is to heat the air to the set point temperature of
20°C (68°F) as it drops to approximately 15°C (59°F) after passing through two
radiators. An electric heater operated by an A/C transformer is used for this
purpose and is controlled by the PID controller of the air shower. Moisture is
added to this hot air by sprinkling water to achieve the setpoint 50% RH. The
conditioned air is directed into the air shower with the help of a fan. It is initially
collected in a plenum for an increase in pressure in order to achieve uniform flow
of air. The velocity of the air is approximately 0.2 m/s (40 ft/min) when measured
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at a distance of approximately 1m (3.28 ft). If the velocity of air is higher than 0.2
m/s, the expected power consumed by the fan is higher. If the velocity of air is
lower than 0.2 m/s, then the size of the hot spots (if any) increases and affects the
measuring machine.
Temperature and Humidity Sensor (Feedback Probe)
There are various temperature sensors such as thermocouples, thermistors
and resistance temperature detectors (RTDs) available in the market for different
applications. The temperature sensor used in this case is the thermistor type and is
manufactured by GE. The air temperature sensor MA-405 has stainless steel
slotted housing. It accepts a resistance input of 225Ω at 25°C (77°F). Unit to unit
accuracy is specified as ±0.1°C (±0.18°F) over a range of 0°C to 70°C (32°F to
158°F). The temperature sensor is placed along with the humidity sensor in the
same paper shielded enclosure at the front of the air shower.
Controller
The SAPHIR controller (a Proportional – Integral – Derivative type) used
by the air shower is developed by Siemens. It is comprised of a basic device and
the corresponding software as well as additional tools for its implementation into
the necessary system. The SAPHIR controller comprises of a motherboard which
is a 6-layer printed circuit board that contains all the electronic components. The
main part of the SAPHIR controller is the Siemens 16-bit microcontroller which
delivers a cycle time (total time from the beginning to the end of process) less
than 100ms. It operates on 26-35 V DC and 24V AC. The power supply and
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process signals are connected via plug-in terminals. It is installed in a double
sheet metal housing which is housed on a mounting plate.
Human – Machine Interface (HMI)
HMI is the mode of communication between the user and the air shower.
There are five menu buttons and four function buttons which are used to display
the plant values, change them and configure them according to the parameters
(refer Fig 3.2). It also has special features like the allocation of password for
individual user needs and the usage of 10 different languages. It is mounted on the
side of the air shower. The HMI can be connected and disconnected from the
controller during the operation of the plant as the operating structure is contained
in the program of the controller.

Fig 3.2: Human – machine interface
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Fig 3.3: Top and front views of the air shower (not to scale)
Operation of the Air Shower
Fig 3.3 shows the operation of the air shower along with the flow of air.
Atmospheric air from the shop floor enters the air shower (3m x 2m x 4m)
through the air intake duct located on the side of the air shower at approximately
24°C (75.2°F) and 80% RH. The ambient conditions of the purified air (as the air
passes through the filters in the duct), i.e., temperature and humidity, are
measured using the temperature and humidity sensors. The air initially passes
through the dehumidifier radiator. The water vapor in the air condenses to form
water and a drip pan placed below this radiator collects the water and drains off
the air shower when a sufficient amount of it is collected. After this stage, the
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dehumidified air passes through the cooling radiator. The values of the
temperature and humidity of the air are found to be approximately 17°C (62.6°F)
and 35% RH after passing through both the radiators. In order to reach the
setpoint of 20°C and 50% RH, the air is heated by an electric heater and water is
sprayed. The conditioned air is blown into the air shower with the help of a fan.
The air on reaching the bottom surface enters the walls of the air shower and
moves to the top through the walls, near the air intake duct. Thus, the air is recirculated. The change in the temperature and humidity of the air for the entire
cycle is shown in Fig 3.4.

Fig 3.4: Representation of air flow in the air shower on
the psychrometric chart [49]
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where
1 – Temperature and humidity drop across the dehumidifier radiator
(Dehumidification)
2 – Temperature and humidity drop across the cooling radiator (Cooling)
3 – Flow over the heater (Heating)
4 – Flow over water sprayer (Dehumidification)
5 – Flow through the walls to the top of the air shower (Recirculation)
Error Sources
Fig 3.5 shows the temperature inside the air shower controlled by the
Siemens controller for an eight hour period. The main problems are the time
period of the ripple which is approximately 12 minutes (around 5 time intervals
per hour on an average) and the amplitude of the ripple is between 0.03°C. This
range occupies approximately 45% of the tolerance range of 20±0.1°C
(68±0.18°F).
The thermal response of the air shower is given by the Equation (3.1). The
first order equation of the system is verified later in the thesis. The thermal
response c(t), a function of time t, is given by
−t
Tt

c(t) = k(1 − e ) for t ≥ 0
where
Tt

is the thermal response time constant of the system (minutes)

k

is the proportionality constant.

In one time constant, the thermal response is given as
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(3.1)

c(Tt ) = k(1 − e −1 ) = 0.632k

(3.2)

The output reaches 0 to 0.632k in one time constant and to 0.865k in two time
constants. At t = 3Tt, 4Tt and 5Tt, the thermal response reaches 0.95k, 0.982k and
0.993k, respectively [50].
Thus, by decreasing the time period of the ripple to a smaller value, the
time constant decreases and the controller performance can be improved. From
the temperature readings of the graph in Fig 3.5 taken from the air shower, it can
be seen that 45% of the tolerance band is being utilized. Ideally, a straight line
must be obtained on the temperature data that is logged, against the setpoint value
of 20ºC. But in reality, factors such as friction, backlash, human errors, etc. does
not lead a straight line and hence, it is required to obtain a control close to the
ideal situation. For a temperature difference of 0.1°C, which is close to the current
range of temperature, a machine made of steel with a length of 3m expands by
3.9μm (thermal co-efficient of expansion of steel is 13 μm/m K). On decreasing
the amplitude of the ripple, the change in temperature decreases and hence, the
corresponding change in the dimension of the machine decreases. Thus, the
amplitude of the ripple needs to be decreased. On increasing the frequency of
temperature ripple, the effect of change in temperature on the measuring machine
decreases. Thus, by increasing the frequency and decreasing the amplitude of the
temperature ripple, the control of temperature is achieved close to the ideal
situation. The various factors contributing to this variation in temperature are the
air intake duct, radiator, drip pan and the time delay of the temperature and
humidity sensors.
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Fig 3.5: Temperature variation of the air shower
Air Intake Duct
The purpose of the air intake duct is to allow the air from the shop floor
into the air shower. The presence of a large duct (381 mm (15”)) caused
fluctuations in the volumetric air intake. Due to the non-uniformity of the flow of
intake air, there is an irregular rate of cooling and dehumidification of air
resulting in the wider range of temperatures even though it is within the tolerance
limit.
Temperature and Humidity Sensor (Feedback Probe)
The thermistor bead (temperature sensor) and humidity sensor located
inside the air shower are kept in the same enclosure. This enclosure is protected
by winding a paper around it to prevent the sensors from the prolonged exposure
of the cold air passing over it at a velocity of around 0.2 m/s (40 ft/min). It
contributed to a significant time lag of the system as the air has to pass through
the paper shield and then come in contact with the sensor tips. This sensor was
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placed at the front of the machine where the flow of air was not uniform as the
sensor was placed on one of the arms that moved during the measuring process.
Radiator
The air shower has two radiators: dehumidifier radiator and the cooling
radiator. The basic function of the dehumidifier radiator is to remove the water
from the air. This is done by reducing the temperature of the air so that water
vapor condenses to form water vapor at the dew point temperature. In this
process, the temperature of the air as well as the absolute humidity decreases.
When the air passes through the cooling radiator, the temperature of the air is
furthered decreased. The process of reducing the temperature and humidity of the
air takes place two times. The presence of the large cooling radiator contributes
significantly to the static thermal load of the system. Thus, the radiator needs to
be redesigned.
Drip Pan
The condensed water settles in the drip pan and does not drain off the air
shower immediately. It drains only after sufficient amount of water gets
accumulated. If the condensate is not removed quickly, then it gets re-absorbed by
the air and so it needs to be removed again. The heat content of the condensate is
the product of the specific heat capacity (4184 J/kg K at 20ºC) and temperature in
Kelvin and thus, even if the condensate is a small disturbance, it could be
equivalent to a person walking into the air shower.
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Design modifications
Air Intake Duct
By installing an iris of 0.15m (6 inch) with adjustable diameter, the
variation of the volumetric flow rate of the intake atmospheric air is observed. A
hot wire anemometer is used to measure the velocity of the air. It consists of an
exposed hot wire made of tungsten which is maintained at a constant temperature
and the heat lost due to convection is a function of the velocity of the fluid. Table
3.1 shows the varying sizes of the iris and the corresponding air velocities and
volumetric flow rates. The air velocity is averaged to a constant value as there is
no component at the air intake duct that forces the atmospheric air into the air
shower. The volumetric flow rate is the product of air velocity and the area of
cross-section of the intake duct. Thus, the volumetric flow rate is a function of the
square of the diameter (see Equation 3.3) and hence, an approximate second order
polynomial is fit for the same, as shown in Fig 3.6.
Qa = Aa Va

where
Qa

is the volumetric flow rate of air (m3/s)

Aa

is the area of the air intake duct (m2)

Va

is the velocity of air flow (m/s)
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(3.3)

Table 3.1: Relationship between changes in iris diameter to the
volumetric flow rate
iris diameter
(mm)
20
40
60
80
100

linear air volumetric flow
iris area air velocity velocity
rate
(m3/hr)
(ft/min) (mm/sec)
(mm2)
314.16
490
2489.2
2.82
1256.64
500
2540
11.49
2827.43
510
2590.8
26.37
5026.55
480
2438.4
44.12
7853.98
440
2235.2
63.20

Volumetric Flow Rate vs. Iris Diameter
70
y = 0.0055x 2 + 0.0953x
Volumetric Flow Rate (m³/hr)

60
50
40

Measured
Fit

30
20
10
0
0

20

40

60

80

100

120

Iris Diam eter (m m )

Fig 3.6: Variation of iris diameter to volumetric flow rate of air
Fig 3.6 shows the variation of the iris diameter with volumetric flow rate
and it is seen that as the diameter of the iris increases, the volumetric air flow
increases, thus affecting the stability. In order to maintain the stability, the
opening for the entry of the atmospheric air must be as small as possible. The
performance of the air shower did not deteriorate even when the air intake duct
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was completely closed. The air entered the air shower through the leaks in the
joints.
Temperature and Humidity Sensor (Feedback Probe)
Time delay in any component or in the path of a system causes a lag in the
response of the system and this lag in the controller leads to a significant error.
Since the environment inside the air shower remains clean, the paper shield was
removed and after the removal of the shield, the combined probe was moved to
the back of the machine where it receives considerably more uniform flow of air.
The time constant of the system also seems to improve upon the removal of the
paper shield.
Radiator
Another important parameter that affects the time constant and thereby
affecting the measurement is humidity. The problem of temperature control is due
to the poor control of humidity by the dehumidifier radiator and the oversized
cooling radiator.
The radiator in general is a heat exchanger and in this case the exchange of
heat is between the cold water flowing through the pipe and the air from the shop
floor. The radiator used is single circular tubing, unfinned cross flow type heat
exchanger. As the values of the inlet and outlet temperatures of both the fluids are
known, it is ideal to use the Log Mean Temperature Difference (LMTD) method
for the heat exchanger analysis. All the calculations are taken under steady state.
To determine the length of the cooling radiator, it is assumed that there is no
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change in the phase and constant specific heats are assumed. The heat transfer (Q)
is given by
 w Cp,w(Tw,o - Tw,i)
Q=m

(3.4)

where

w
m

is the mass flow rate of water (m3/s) which is calculated using a
flow meter and is found to be 0.19 kg/s (3 gallons/min)

Cp,w

is the specific heat capacity of water (J/kgK)

Tw,o

is the outlet temperature of the water (K)

Tw,i

is the inlet temperature of water (K)

Equation (3.4) gives the heat obtained by the water from air and is equal to
the heat lost by air which is given by
 a Cp,a(Ta,o - Ta,i)
Q=m

(3.5)

where

a
m

is the mass flow rate of water (m3/s)

Cp,a

is the specific heat capacity of air (J/kgK)

Ta,o

is the outlet temperature of the air (K)

Ta,i

is the inlet temperature of air (K)

The mass flow rate of air is calculated from Equation (3.5). Heat transfer
is also related to the overall heat transfer co-efficient (U), surface area (A) and the
log mean temperature difference (ΔTlm) as given in the Equation (3.6)
Q = U A ΔTlm

where
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(3.6)

Q = N π D i Lt

(3.7)

where
N

is the number of tubes (it is assumed to be 10)

Di

is the inner diameter of the tube (m)

Lt

is the total length of the tube (m)

The log mean temperature is given by the Equation (3.8)
ΔTlm =

(Ta,i − Tw,o) − (Ta,o − Tw,i)
⎛ Ta,i − Tw,o ⎞
ln ⎜
⎟
⎝ Ta,o − Tw,i ⎠

(3.8)

The overall heat transfer co-efficient is a measure of the total thermal
resistance to heat transfer between two fluids and is an essential part in heat
exchanger analysis. It is expressed as
U=

1
⎛1⎞ ⎛1⎞
⎜ ⎟+ ⎜ ⎟
⎝ hi ⎠ ⎝ ho ⎠

(3.9)

where
hi

is the heat transfer co-efficient of the fluid inside the tubing (water)
(W/m2 K)

ho

is the heat transfer co-efficient of the fluid outside the tubing (air)
(W/m2 K)

The heat transfer co-efficient of a fluid is a function of the geometry of
the object over which it is flowing. In order to obtain the heat transfer co-efficient
of the water flowing through the pipe, the nature of the flow thro each pipe is
determined by the Equation (3.10)
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Re =

4m 1
π Diμ w

(3.10)

where

m 1

 w /N) (m3/s)
= (m

μw

is the viscosity of water (kg/m s)

The flow of water through the pipes is observed to be laminar. A constant
surface temperature on the tubing is assumed and thus, the Nusselt number is 3.66
[51]. Nusselt number (Nu) provides a measure of the convection heat transfer at
the surface. The heat transfer co-efficient for water is given by
hi =

ka
Nu
Di

(3.11)

where

ka

is the thermal conductivity of air (W/m K)

The flow of atmospheric air is restricted through a path of diameter approximately
0.25m (9.84 inches) and thus, the Nusselt number for a cylinder is by the
Equation (3.12)
1

ho = 0.825 +

0.387Ra 6
⎡
⎢1 + ⎛⎜ 0.492 ⎞⎟
⎢ ⎝ Pr ⎠
⎣

9
16

⎤
⎥
⎥
⎦

4
9

Ra ≤ 109

(3.12)

where
Pr

is the Prandtl number and is given by
Pr =
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vk

α

(3.13)

where

vk

is the kinematic viscosity of the fluid (m2/s)

α

is the thermal diffusivity (m2/s)

Ra

is the Rayleigh number and is given by
Ra = Gr × Pr

(3.14)

where
Gr

is the Grashoff number and is given by
g β (Twall − Tfluid)D3
Gr =
vk 2

(3.15)

where
g

is the gravitational constant (m/s2)

β

is the volumetric thermal expansion co-efficient (1/K)

Twall

is the temperature of the wall (K)

Tfluid

is the temperature of the fluid (K)

D

is the diameter of path through which the atmospheric air flows
(m)

Table 3.2 gives the values of the kinematic viscosity, thermal conductivity,
thermal diffusivity and volumetric thermal expansion co-efficient of air for the
corresponding temperature [52].
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Table 3.2: Properties of air as a function of temperature
Temperature

vk

°C

2

m /s
-6

ka

α

W/(mK)

2

9.34 x 10

-3

β

m /s
2.54 x 10

1/K
-6

1.00 x 10-2

-173.15

2.00 x 10

-123.15

4.43 x 10-6 1.38 x 10-2 5.84 x 10-6 6.67 x 10-3

-73.15

7.59 x 10-6 1.81 x 10-2 1.03 x 10-5 5.00 x 10-3

-23.15

1.14 x 10-5 2.23 x 10-2 1.59 x 10-5 4.00 x 10-3

26.85

1.59 x 10-5 2.63 x 10-2 2.25 x 10-5 3.33 x 10-3

Equation (3.12) is re-written based on the tabulated values and the heat transfer
co-efficient of air is calculated by
1

⎛ g β (Twall − Tfluid)D3 vk ⎞ 6
0.387 ⎜
× ⎟
vk 2
α⎠
⎝
ho = 0.825 +
4
9 9
⎡
⎤
16
⎛
⎞
⎢
⎥
⎢ ⎜ 0.492 ⎟ ⎥
⎢1 + ⎜ ⎛ vk ⎞ ⎟ ⎥
⎢ ⎜⎜ ⎜ ⎟ ⎟⎟ ⎥
⎢ ⎝ ⎝α ⎠ ⎠ ⎥
⎣
⎦

(3.16)

where

Tfluid

is the inlet temperature of water ( Tw,i ) (K)

Twall

is the inlet temperature of air ( Ta,i ) (K)

The value ho calculated from the above formulae deviate from the standard value
by 6.7% as discussed in [53]. The overall heat transfer co-efficient is calculated
from the values of the heat transfer co-efficients of water and air. During the
normal operation of the radiator, air is contaminated with finite dust and
particulate matter even after passing through the filter in the air intake duct and
thus, settles on the radiator tubing. If the water condensing on the tube of the
radiator does not drain off completely, it remains as moisture on the tube and may
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lead to the formation of rust. There is an increase in the resistance to heat transfer
between the fluids due to these two factors. In order to account for this
phenomenon, an additional term of thermal resistance known as the fouling factor
(F) is introduced and it depends on the velocity of the fluid and range of operating
temperature. It is chosen from the correction factor table for a single pass cross
flow heat exchanger with one fluid mixed and the other unmixed, corresponding
to R and P, whose equations are given in (3.17) and (3.18) [51].

R =

Ta,i - Ta,o
Tw,o - Tw,i

(3.17)

P=

Tw,o - Tw,i
Ta,i - Ta,o

(3.18)

With all the above values, the length of the radiator is calculated using Equation
(3.19).
Lt =

Q
UNπ DiFΔTlm

(3.19)

Table 3.3 shows the corresponding calculated values of the above parameters.
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Table 3.3: Radiator calculations
Inlet temperature of water; Tw,i

7.5 ºC (45.5 ºF)

Outlet temperature of water; Tw,o

9.5 ºC (49.1 ºF)

Inlet temperature of air; Ta,i

25 ºC (77 ºF)

Outlet temperature of air; Ta,o

20 ºC (68 ºF)

Mass flow rate of water;
Specific heat of water;

 w (kg/s)
m

0.18927 kg/s (3 gallons/min)
4198

Cp,w (J/kgK)

1007

Cp,a (J/kgK)

Specific heat of air;

Thermal conductivity of water; kw (W/mK)
Thermal conductivity of air; ka (W/mK)
Viscosity of water;

μ w (Ns/m2)

0.613
0.0263
0.000855

Diameter of pipe; Di (m)

0.0127 m (0.5 inches)

Heat transfer; Q (W)

1589.11

Mass flow rate of air;

 a (kg/s)
m

0.316 kg/s (5 gallons/min)

Number of tubes, N
Mass flow rate of water per tube;

10

m 1 (kg/s)

0.0189 kg/s (0.3 gallons/min)

Reynolds Number; Re

2219.33

Nusselt's Number; Nu

3.66

Convective heat transfer co-efficient of water; hi
(W/m2K)
Convective heat transfer co-efficient of air; ho
(W/m2K)

176.66

Overall heat transfer co-efficient; U (W/m2K)

5.71

R
P
Correction factor, F

2.5
0.4
0.75

Log Mean Temperature Difference; ΔTlm

4.12 ºC (39.62 ºF)

Total Length; Lt (m)

3.4 m (≈ 134 inches)
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5.9

Humidity
It has been discussed that the relative humidity decreases with increase in
temperature. But the problem of dehumidification is, whenever the dehumidifier
radiator is given a few more percent output to its proportional valve (that controls
the flow of water through the radiator), the heaters are unable to counteract the
cooling being done by the dehumidifier radiator. This leads to a temperature drop
which in-turn leads to higher relative humidity. This positive feedback results in a
larger command signal to the dehumidifier which further cools the air and thereby
increases the relative humidity. Fig 3.7 shows the control loop of the temperature
and humidity response of the air shower.

Fig 3.7: Control loop of the temperature and humidity response of air shower
So the air shower now runs on 100% output on the dehumidifier as well as
the heater until it reaches equilibrium at approximately 15ºC (59ºF) and leads to
the instability of the system. The following plots show the data logged for the
temperature and humidity inside the air shower. The following two figures (Fig
3.8 and Fig 3.9) show the actual temperature and humidity variation inside the air
shower over time for the case that has been discussed.
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Fig 3.8: Logged data of the temperature inside the air shower

Fig 3.9: Logged data of the humidity inside the air shower
Due to the limitations in the controller, controlled dehumidification is not
fully accomplished. In particular, the dehumidification integral gain cannot be
disabled nor sufficiently reduced which in consequence leads to a rapid integral
action forcing the temperature to drop. The dehumidification control loop
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experiences a positive feedback due to the relationship between relative humidity
and the corresponding temperature drop, as discussed earlier. Another problem is
the usage of cold water for dehumidification. The process of dehumidification
using chilled water has a limit at 50-55% RH and 20ºC. The dew point
temperature (Td) is calculated by Equation (3.20).
Td =

d × f(T,RH)
c - f(T,RH)

(3.20)

where

f(T,RH) =

cTg
+ ln(RH)
d + Tg

(3.21)

where
c

= 17.27

d

= 237.7 ºC

RH

is the relative humidity (%)

Tg

is the temperature (ºC)

The above two formulae are used for calculating the dew point temperature to
within ±0.4ºC. This formula is valid for the following conditions:
a) 0 ºC < Tg < 100 ºC
b) 1% < RH < 100%
c) 0 ºC < Td < 50 ºC
In this case the dew point is found to be 9.3-10.7ºC (48.74-51.26ºF). The
cold water temperature available at the shopfloor is also around the same
temperature. Thus, the setpoint relative humidity using only chilled water as the
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dehumidifier is barely achieved. In addition, the heat used by the compressor in
order to chill the water is not captured for reheating the air and thus, not using the
process of dehumidification judiciously.
Taking into account the above challenges, it was decided to control the
temperature alone. This was done by disabling the cooling radiator, heating
element and the water sprayer. The cooling process was achieved by the
dehumidifier radiator. The modified control loop is shown in Fig 3.10. The
Siemens controller was replaced by a LabVIEW controller and a DAQ (Data
Acquisition) card, which will be discussed shortly.

Fig 3.10: New control loop of the air shower
Controller
The Siemens OEM Saphir controller had difficulties in tuning the air
shower for tests and also for adjusting the parameters. It required negative integral
and derivative terms for the cooling in order to maintain reasonable temperature
control. The dehumidification integral gain could not be sufficiently reduced or
disabled, and the relation between temperature and relative humidity caused
concern. All these conditions led to an erratic control of temperature along with
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the relative humidity. The unavailability of support from Siemens and the
improper documentation of the controller made things difficult. In order to obtain
a further rigid control of the temperature, a controller was developed in
LabVIEW.
LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench)
is an interactive visual programming language with the various functions designed
for extracting information from the acquired data, analyze it and present the same
with 2D and 3D visualization tools. The main LabVIEW program has two
windows; block diagram that corresponds to the input and the front panel
corresponding to the output.
The LabVIEW program developed for the controller is for collecting the
data from the sensors of the air shower, processing it, sending the processed data
back to the actuators of the air shower in order to obtain a rigid control and also to
run different tests. The temperature and humidity data is obtained from the
temperature and humidity sensor placed inside the air shower. The data that are in
the analog form are converted to digital form before being fed to the computer.
This is achieved by the DAQ (Data Acquisition) signal accessory. DAQ is made
accessible to LabVIEW with the help of the NI 6221 hardware component which
is installed in the PC. Fig 3.11 shows the output panel of the controller as shown
on the computer screen. It shows both the temperature and humidity loops. As the
humidity loop is disengaged from the system, only the temperature loop is
considered.
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Fig 3.11: Snapshot of the front panel of the LabVIEW program
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DAQ Signal Accessory
The DAQ signal accessory is a PC based device used for data acquisition,
demonstration and testing the use of analog, digital and counter/timer functions of
DAQ devices. Fig 3.12 shows the parts locator diagram of the DAQ signal
accessory. The DAQ signal accessory is connected to the NI 6221 hardware card
which is installed inside the PC.

Fig 3.12: Part locator diagram of the DAQ signal accessory [54]
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The specifications for the DAQ are
Relay
Load Voltage (DC or rms AC)……………………….42 V max
Load Current…………………………………………200 mA max
On Resistance………………………………………...8 Ω
Leakage Current……………………………………...1 μA max
Power-on state………………………………………..relay open
Environment
Operating temperature………………………………...10 to 50°C
Storage temperature……………………………………-20 to 70°C
Relative humidity……………………………………...5% to 95%
Non – condensing
The temperature sensor generates electrical signals that need to be
converted into a form that a DAQ device can accept. As the output voltage for
most of the thermocouples has noise and is of a very small magnitude, it needs to
be digitized and filtered and this process of manipulation of signals to prepare
them for digitizing is called signal conditioning. The SCXI type front-end signal
conditioning is used in this case. SCXI system is designed for large measurement
systems or systems that need high speed acquisition. It houses the shielded signal
conditioning modules that filter, isolate, amplify and multiplex analog signals
from thermocouples and other transducers [54].
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DAQ assistant is initially configured by the Measurement and Automation
Explorer module of LabVIEW. It is configured so that the values obtained from
the temperature sensor are fed to the DAQ assistant through channel 1 of the
analog input and the corrected signal from the controller (program) is transmitted
back through the channel 0 of the analog output of the DAQ assistant to the air
shower. The values obtained from the humidity sensor are fed through the channel
2 of the analog input and the corrected signal from the controller to the air shower
through the channel 1 of the analog output of the DAQ assistant. The conditioned
values of temperature and humidity from the DAQ assistant are sent to the
LabVIEW program through the NI 6221 hardware card. During the operation of
the air shower, the temperature and humidity data are logged and stored as a
comma separated value file. The entire controller is made up of different
operations linked to each other. A few operations are data sampling, test
parameters, filtering, PID (Proportional – Integral – Derivative) loop, measured
outputs and dithering.
Data Sampling
In the operation of obtaining data, temperature and humidity values that
are stored in the comma separated value file are accessed with the help of DAQ
assistant module. These values are then discretized into two parts. The notations,
analog input 1 and 2 and analog outputs 1 and 2 shown in Fig 3.11 are the voltage
equivalents for the temperature and humidity, respectively. The analog input 1 is
set to zero for a temperature reading of 20°C and the analog input 2 is set to zero
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for a humidity reading of 50% RH. The sampling frequency is set at 10Hz. Fig
3.13 shows the data sampling element of the controller.

Fig 3.13: Data sampling part of the controller
Test Parameters
For the study and analysis of the air shower, it is subjected to different
tests like the square wave test, sine wave test and the chirp test. One of the tests is
chosen and the parameters such as frequency, amplitude and the duration of the
test are set. In a sine wave test, the temperature varies in a sinusoidal pattern and
in a square wave test the temperature steps up and down at the given time
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intervals. A chirp test is a special case of the sine wave test. A chirp is a signal in
which the frequency of the signal increases or decreases with time. An increasing
frequency signal is called the up-chirp and the decreasing frequency signal is
called the down-chirp. The two different types of the chirp signals are linear chirp
waveform (frequency of the sinusoidal wave increases linearly) and the
exponential chirp waveform (frequency of the sinusoidal wave increases
exponentially). Fig 3.14 shows the loop structure of the test parameters.

Fig 3.14: Loop structure of the test parameters
For a linear chirp, the instantaneous frequency f(t) is given by the Equation (3.22)
[55]
f (t ) = f 0 + kt
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(3.22)

where fo is the frequency at time t = 0 and k is the chirp rate which is the
instantaneous rate of change in the frequency. The time-domain function for a
sinusoidal chirp is given by the Equation (3.23) [55]
k
⎛
⎞
x(t ) = sin(2π ∫ f (t ′) dt ′) = sin ⎜ 2π ( f 0 + t )t ) ⎟
2
⎝
⎠
0
t

(3.23)

For an exponential chirp, the instantaneous frequency f(t) is given by [55]
f (t ) = f 0 k t

(3.24)

where fo is the frequency at time t = 0 and kt is the rate of exponential increase of
frequency [55].
t
⎛ 2π f 0 t
⎞
x(t ) = sin(2π f 0 ∫ k t ′ dt ′) = sin ⎜
(k − 1) ⎟
⎝ ln(k )
⎠
0

(3.25)

The following Fig 3.15 and Fig 3.16 show the variation of temperature in the air
shower against the setpoint, for the linear chirp waveform and the exponential
chirp waveform, respectively. From both the figures, it can be seen that the
temperature follows the input through half the duration of the test and then there
is a change in the phase at 180º.

Fig 3.15: Temperature variation for a linear chirp waveform
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Fig 3.16: Temperature variation for an exponential chirp waveform
Filtering
The temperature and humidity data obtained from the air shower through the
DAQ assistant is always accompanied by noise and additional disturbances. In
order to remove the noise from the conditioned signal, it is passed through the
filtering part of the controller a lowpass filter as shown in Fig 3.17. The lowpass
filter which is used is the Bessel filter. Square waves are least considered while
designing filters as the signals that are filtered are sine waves or close enough to
sine waves such that the effect of harmonics (frequency of the signal that is an
integer multiple of the fundamental frequency) is ignored. Square waves have
high harmonic content and when a Butterworth or Chebyshev response is used for
filtering the same, the harmonics are delayed with respect to the fundamental
frequency. Thus, a Bessel response is used. The filtered values, unfiltered values
and the setpoint values of temperature and humidity are plotted in the same chart
for better comparison.
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Fig 3.17: Filtering portion of the controller
Proportional – Integral – Derivative (PID) loop
The PID loop of the controller is shown in Fig 3.18. The first method of
the Ziegler-Nichols [56] rules for tuning the PID controllers is used for
identifying the gains of the PID loop. This is done by adjusting the gain of the
system that results in a marginal stability of the system when the proportional
control alone is used. The heat and cool gains, and the humidification and
dehumidification gains are initially set before the program is run. Once the
program is executed and the air shower is in the running mode, the heat and cool
actions (gains) can be observed.
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Fig 3.18: PID control loop
Measured Outputs
The corrected temperature and humidity signals from the PID loop are
sent to the air shower through the DAQ assistant as shown in the loop structure in
Fig 3.19. The temperature signal is compared and the corresponding cooling or
heating percentage is displayed on the meter which is shown in the front panel of
the air shower, as shown in Fig 3.8. The cooling and heating outputs are also
displayed in a chart. In order to compensate for the heat generated by the linear
motors and the thermal mass of the measuring machine, 7% cooling (heat load
balance) is set. The value of 7% is obtained by trial and error.
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Fig 3.19: Measured outputs
Dithering
Dithering is the process of adding an additional signal to the control signal
in order to minimize the final error. The cold water that runs through the
shopfloor is sent to the radiator through a proportional valve that suffers from
hysteresis, which is shown later in the thesis. If the proportional valve is not rigid,
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then one of the ways to completely remove hysteresis is to replace the
proportional valve by an on-off valve. One of the means to minimize hysteresis
considerably when a proportional valve is used is to dither it continuously until
the desired setpoint is reached. By doing this the final setpoint of the valve is
averaged out in the dithering process. The two types of dither are the square wave
dither and the sine wave dither. A sine wave dither is preferred over a square
wave dither as the fatigue on the valve is more if the latter is used. The dither part
of the controller is shown in Fig 3.20.

Fig 3.20: Dither portion of the controller
Start up Delay
The start up delay part of the controller, whose loop structure is shown in
Fig 3.21 helps in resetting the integral gain every time the controller is switched
off. Thus, whenever the air shower is started again, the integral action starts from
zero. This helps the air shower in reaching the setpoint temperature in a faster
time.
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Fig 3.21: Start up delay
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CHAPTER IV
EXPERIMENTS AND RESULTS
Introduction
The primary objective of this work is to reduce the amplitude and to
increase the frequency of the temperature ripple in the air shower. Once this is
accomplished, various tests are conducted using the test parameter part of the
controller which was designed in LabVIEW. As a result of this, additional
problems and several solutions were discovered. This chapter presents the results
from the different tests performed on the air shower.
To present the relevant results, Chapter IV is divided into five sections.
The first section is temperature sensor; the second section deals with the
proportional valve; third and fourth sections deal with the sine wave test and chirp
test and the final sections discusses about the data logging probe.
Temperature Sensor
Before the tests were performed, the Siemens temperature probe was
found to have an unfiltered noise of approximately 0.3°C. However, the tolerance
band for the air shower is ±0.1°C. This is a poor signal to noise ratio. Fig 4.1
shows the temperature readings of the step test with amplitude of ±0.2°C and a
period of two hours.
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Fig 4.1: Temperature data logged using Siemens temperature sensor
The noise level of the unfiltered data (in gray) and the 0.1 Hz low-pass filtered
data (in white) is high. The standard MA-405 temperature sensor is used to
measure the temperature inside the air shower with a much lower noise level with
the help of a custom built temperature measurement board shown in Fig 4.2. The
least count of the circuit board is 0.0018°C (0.001°F) when it is used with a 16-bit
A/D board at ±10V. It is designed to output 0V for 20°C. Thus, the sensitivity is
1.82°C/V with a measuring range of 20 ± 18.2°C. In comparison, the Siemens
temperature board gives an output of 0-10V for a temperature range of 0-50°C
when used with a 8-bit board. Thus, the sensitivity in this case is 5°C/V. This
custom built circuit board improves sensitivity and achieves a faster response. Fig
4.2 shows the custom built temperature measurement board as used by LabVIEW
to control the air shower for the following tests. All the plots shown below in this
chapter used the custom built temperature measuring board.
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Fig 4.2: Custom built temperature measurement board

Fig 4.3: Temperature readings for the custom built temperature
measurement board
The plot of Fig 4.1 and Fig 4.3, compares the Siemens temperature probe and the
custom built temperature probe, and were taken at the same time. It is observed
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that the difference in the filtered and the unfiltered data in the custom built circuit
board is not noticeable at this scale, whereas the noise in the Siemens temperature
is significantly seen. Thus, the noise of the signal is considerably reduced in the
custom built probe. The reason for implementing the filter is due to the fact that
high frequency noise gets attenuated. From Fig 4.1, it is seen that the temperature
responds away from the input signal indicating that time constant is slightly
longer when compared to Siemens temperature probe. The time constant further
increases if the signal is filtered to the same noise level as that of the custom
circuit board. Even upon using a 0.01Hz low-pass filter, the noise level as that of
the custom circuit board is not obtained. An aperiodic ripple was obtained as the
noise contained some low frequency content.
Proportional Valve

Dither ON

Dither OFF

Fig 4.4: Comparison of temperature readings between square wave
dither ON and OFF
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Fig 4.4 shows the comparison between the ON and OFF states of the
square wave dither signal added on the proportional valve which is used to control
the flow of chilled water into the air shower. The plot before 6:00 pm is when the
dither is ON and the plot after 6:00 pm is when the dither is OFF. The difference
in the temperature data between both the states is seen distinctly and this is due to
the behavior of the proportional valve. The proportional valve suffers from
hysteresis due to friction in the valve and backlash in the drive mechanism which
causes the difficulty in the temperature control. In order to decrease the hysteresis
to a small value, the proportional valve is dithered. A square wave dither signal
with 2% amplitude and a period of 5 seconds is added to the cooling output. The
difference is clearly seen as the integral action tries to correct the variation due to
hysteresis. The corresponding controller output for the same square wave dither
ON-OFF test is shown in Fig 4.5.

Fig 4.5: Controller output for square wave dither ON and OFF
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Fig 4.6: Temperature readings for sine wave dither ON
Fig 4.6 shows the temperature readings for the sine wave test signal with
amplitude of ±0.2°C and time period of two hours. In this case, a 10 second
period sinusoid with 2% amplitude sine wave dither signal is applied to the
proportional valve. Comparing Fig 4.4 and Fig 4.6, it is observed that the sine
wave dither on the proportional valve tracks the temperature step better than the
square wave dither. The sine wave dither also reduces the fatigue on the valve
significantly.
Sine wave test
The test parameters that are set in the controller for the sine wave test are
time period, amplitude of the wave and test duration. Four different sine wave
tests were conducted with different test durations and time periods but the
amplitude for all the four tests is 0.1 ºC. The cooling percentage output of the
controller is plotted against an estimated sine wave which obtained by a least
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squares fit. Fig 4.7 shows the plot of output temperature against cooling
percentage (in blue) which is superimposed by the fitted data (in pink).

Gain = 0.21 ºC/%
Phi
= 97.82 deg
Delay = 13.70 min

Fig 4.7: Variation of actual and fitted controller output against setpoint
temperature for a time period of 60 minutes
The gain and phase of the actual data is estimated from the fitted data using the
least squares fit function by considering the values the temperature and the
cooling percentage of the controller. The delay is calculated from the
corresponding phase. Fig 4.8 shows the fitted controller output superimposed on
the original controller output as well as the setpoint temperature on the same axis
against the test duration.
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Fig 4.8: Test duration against actual and fitted controller output for a
time period of 60 minutes
Similarly, the following plots show the actual data and fitted data for the 120
minute, 240 minute and the 480 minute sine wave tests.

Gain = 0.44 ºC/%
Phi
= 113.57 deg
Delay = 22.14 min

Fig 4.9: Variation of actual and fitted controller output against setpoint
temperature for a time period of 120 minutes
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Fig 4.10: Test duration against actual and fitted controller output for a
time period of 120 minutes

Gain = 0.77 ºC/%
Phi
= 129.35 deg
Delay = 8.44 min

Fig 4.11: Variation of actual and fitted controller output against setpoint
temperature for a time period of 240 minutes

Fig 4.12: Test duration against actual and fitted controller output for a
time period of 240 minutes
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Gain = 1.34 ºC/%
Phi
= 167.84 deg
Delay = 2.03 min

Fig 4.13: Variation of actual and fitted controller output against setpoint
temperature for a time period of 480 minutes

Fig 4.14: Test duration against actual and fitted controller output for a
time period of 480 minutes
It is observed that the gain and phase increases with increasing time period but the
delay of the fitted curve does not show any pattern. The estimated fit also does not
fully satisfy the conditions for the 240 and 480 minute duration test. This is due to
the long term drift experienced by Siemens temperature probe and this long term
drift results from the variations in air velocity and self-heating.
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Chirp Test
Two exponential chirp waveform tests are conducted on the air shower.
The first test shown in Fig 4.15 is conducted such that both the cooling loop and
the heating loop are active throughout the test. Fig 4.16 shows the test when the
cooling loop alone is active.

Fig 4.15: Heat and cool loop chirp test

Fig 4.16: Cool loop chirp test

71

From Fig 4.15 and Fig 4.16, it can be seen that the temperature responds to
changes in the lower frequency range but looses track at the higher frequency
range. The slight variation in the temperature readings can again be attributed to
the long term drift experienced by Siemens temperature probe.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The major contribution of this work is the identification of problems in the
air shower leading to a poor temperature control, development of a controller
using LabVIEW and implementation of the controller on a test basis in order to
observe the improvement in performance of the air shower. The approach of
implementing a LabVIEW program to control the temperature of the air shower
by physically connecting it to the computer through a data acquisition module
provides a visual performance of the air shower. It also helps in studying and
analyzing the behavior of the air shower for the different tests conducted on it.
The work presented in Chapter 3 with regard to the modifications in the
design draw several conclusions. The volumetric flow of air into the air shower
has to be small, but the performance of the air shower does not deteriorate even
on blocking the entry of air. The positioning of the temperature and humidity
sensor in the correct location of the air shower helps in a significant reduction of
time constant of the control loop. The static analysis performed on the cooling
radiator shows that an approximate length of 3.4m (refer Chapter 3) is enough in
lieu of the current radiator which is approximately 60m in length. The above
changes reduced the amplitude of the temperature ripple from approximately
0.03ºC to 0.013ºC and the time period from 12 to 4 minutes. The time constant of
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the entire system was approximately 18 minutes and is reduced to approximately
6 minutes. This is further verified by the implementation of LabVIEW program
along with the DAQ card as a controller. It also aids in tuning the air shower,
conducting different tests and to observe the variation of temperature in the air
shower.
Recommendations for Future Work
This work has improved the temperature control of the air shower but has
not taken the humidity control into consideration. First, the effect of humidity on
measurements and the need for humidity control has to be researched. The air
shower is a multi-variable control problem and thus, simultaneous control of
temperature and humidity is a concern (refer Chapter 2). The application of a
thermoelectric cooler for dehumidification is anticipated to be the best substitute
as both the heating and cooling functions can be utilized judiciously for heating
the conditioned air on one side as well as cooling the atmospheric air on the other
side, respectively. As the temperature of the cold water running through the
radiators is barely sufficient for the given setpoint temperature, alternate cooling
fluids need to be tested for cooling the atmospheric air entering the air shower.
The performance of dehumidification loop can be improved by increasing
the inclination of the drip pan. Another area that needs significant attention is the
dynamic testing of the radiator which helps in a better understanding of the
performance of the air shower as well as the thermal response of the control loop.
The control of temperature can be improved further by the combination of the
current proportional valve, which is controlling the flow of cold water from the
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shopfloor into the system, along with an on-off valve. Heat generated from the
walls and flooring, and the power consumed by the fan are the other factors that
need to be calculated and taken into consideration while designing the next air
shower. The custom built temperature probe performs better than the Siemens
temperature probe and thus, needs to be redesigned.
The implementation of LabVIEW helps in the ease of control of
temperature as the control logic is known and changes can be made to suit the
specifications or to perform tests. Finally, it is important to set the auto tuning
capability in the controller, i.e., the controller detects the changes and varies the
gain accordingly thereby preventing the personnel from setting the gains and
tuning the system corresponding to the changes. Thus, in order to design an air
shower the key elements to be considered are: (1) the signal to noise ratio and
time constant of the temperature sensor, (2) the inclination of the drip that aids the
quick removal of the condensed water from the dehumidifier radiator (3) the sizes
of the radiators that perform cooling and dehumidification and (4) diameter of the
air intake duct. Once the air shower model is developed with the desired
modifications, steps need to be taken to ensure that the changes that need to be
implemented are cost effective.
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Appendix A
Material Selection
The selection of material for the construction of the machine tool or the
measuring machine plays a significant role as the machine must have a low
coefficient of linear thermal expansion (it is defined as the fractional change in
the length per unit degree change in temperature), high strength and must be more
durable. Some of the commonly used materials for the construction of machine
tools or measuring machines are steel, aluminum and granite. Zerodur and invar
are the other materials which are not used commonly owing to cost. Steel is used
in the applications where high strength is needed. Aluminum is used for all the
light weight applications. For an application where a highly smooth surface finish
or a low coefficient of thermal expansion is needed, a granite block is used. This
finds its use primarily in measuring machines for placing the workpiece on it for
measurement. Both zerodur and invar have a practically negligible coefficient of
thermal expansion at room temperature. Table A.1 gives the values of the
coefficients of thermal expansion for the materials.
Table A.1: Coefficients of thermal expansions for different materials [57]
Material

Coefficient of thermal expansion (ºC-1)

Steel
Aluminum
Granite
Zerodur
Invar

13 x 10-6
23.4 x 10-6
8.5 x 10-6
0.05 x 10-6
1.6 x 10-6
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Appendix B
Relation between Temperature and Relative Humidity
Humidity is also an important factor in measurements as it is directly
related to the temperature of the ambience. The different ways for measuring
humidity as well as the relation between temperature and relative humidity is
studied.
Humidity is the amount of water vapor present in a sample of air. The four
different ways to measure humidity are absolute humidity, specific humidity,
relative humidity and humidity ratio. Absolute humidity (dv) (or water vapor
density) is a measure of the mass of water in a particular volume of air and is
defined as the ratio of the mass of water vapor to the total volume of the moist air
sample [58].
dv =

Mw
Vm

(B.1)

where
Mw

is the mass of the water vapor (kg)

Vm

volume occupied by the moist air sample (m3)

Specific humidity ( γ ) is the ratio of the mass of water vapor to the mass
occupied by the mixture of water vapor and dry air [58].

γ=

Mw
M w + M da

where
Mw

is the mass of water vapor of a given sample (kg)

Mda

is the mass of the dry air in the sample (kg)
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(B.2)

Relative humidity ( φ ) (RH) is the most widely used parameter for the
measurement of humidity as it is a measure of the percentage of water in air and is
defined as the ratio of the mole fraction (number of moles divided by the total
number of moles in the system) of water vapor in a given mixture of water vapor
and dry air to the mole fraction in an air sample mixture saturated at the same
temperature and pressure [58].

φ=

xw
xws t,p

(B.3)

where
xw

is the mole fraction of water vapor in a moist air sample

xws

is the mole fraction of the saturated air sample

Humidity ratio (W) (or moisture content or mixing ratio) of a moist air
sample is defined as the ratio of the mass of the water vapor to the mass of dry air
in the given sample [58].
W=

Mw
Mda

(B.4)

Humidity ratio is also expressed in terms of mole fraction ratio multiplied by the
ratio of the molecular masses (18.01528/28.9645 = 0.62198)
W = 0.62198

xw
xda

(B.5)

where
xda

is the mole fraction of the dry air

Degree of saturation ( μ ) is defined as the ratio of humidity ratio of air to the
humidity ratio of saturated moist air at the same temperature and pressure [59].
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μ=

W
Ws t,p

(B.6)

where
Ws

is the humidity ratio of saturated moist air

On combining Equations (B.3), (B.4) and (B.5), the degree of saturation is given
by

μ=

φ
1 + (1 − φ )Ws / 0.62198

(B.7)

The moist air is considered to be a mixture of independent mixture of perfect
gases and thus, obeys the gas law given by [59]
PV = nRT

(B.8)

where
P

is the partial pressure of dry air or water vapor (N/m2)

V

is the total volume of the mixture (m3)

n

is the number of moles of dry air or water vapor

R

is the universal gas constant (J/K/mol)

T

is the absolute temperature (K)

The humidity ratio of saturated moist air in terms of the partial pressure is given
by
Ws = 0.62198

Pws
P − Pws

(B.9)

where
Pws

is the saturation pressure of water vapor in the absence of air at a
given temperature (N/m2)
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Substituting Equation (B.9) for Ws into Equation (B.7),

φ=

μ
1 − (1 − μ )(Pws / P)

(B.10)

With the given values of the dry bulb temperature, wet bulb temperature and
pressure, the relative humidity is calculated using Equations (B.9) and (B.10).
From the above equations it can be seen that for a constant humidity ratio, an
increase in the air temperature decreases the relative humidity. It is also verified
by the standard psychrometric chart shown in Fig B.1.
The horizontal blue line represents the constant humidity ratio and the vertical
green lines represent the increasing temperature (from left to right). The red
curved lines represent the relative humidity and it can be seen that as the
temperature increases the relative humidity decreases.

Fig B.1: Psychrometric chart for air at sea level showing relation between
temperature and relative humidity [49]
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Thus, a change in the relative humidity of the intake air changes the temperature
thereby causing errors in the measurement.
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